Abstract-A simple RC equivalent circuit model often used to represents a supercapacitor. The model is far from accurately model the behavior of the device. A 2cm by 2 cm supercapacitor prototype based on Activated carbon as the active electrode material and NaOH as the electrolyte was fabricated. This prototype was characterized using Cyclic Voltammetry and Galvanostatic Charge Discharge to get the supercapacitor working potential window, capacitance and internal resistance. The device works up to 0.7V with capacitance of up to 1.6F and internal resistance as low as 190 Ohm was found for the prototype. Several equivalent circuit model of a supercapacitor was simulated to produce similar response of the prototype. Multiple Branch Parallel RC circuit response profile fit the experimental profile the best.
I. INTRODUCTION
There are three types of electrical energy storage devices; supercapacitor, battery and fuel cell. A supercapacitor is one of the electrical energy storage devices that is superior to conventional capacitor. It can store higher amount of charges up to several thousands of Farad and can be found commercially. One of its applications is in power applications that require the device to stores rapid and high pulse of energy such as in electric vehicle or renewable energy storage.
Electric Double Layer Capacitor (EDLC) is one of the electrochemical supercapacitor categories that operate under purely charge-separation principle. There is no faradaic reaction take place at either electrode since the active material for the electrode is carbon-based material such as activated carbon, which is typically used in today's commercial supercapacitor.
The basic components of a supercapacitor device are two electrodes, one for each polarity; an electrolyte, which contain the ions or charges; a separator; current collectors; terminals and a casing that house all those components. The electrical behavior of a supercapacitor can be represented by an equivalent circuit model. In this circuit view, the supercapacitor is usually represented by a combination of capacitor components C, as well as resistor components R.
A simple RC circuit is often used to model a conventional capacitor. This model however is insufficient to represent a supercapacitor because the working principle of EDLC is much more complicated compared to a conventional capacitor. The understanding of physics and surface chemistry as well as experimentation of an actual supercapacitor can help in producing a more precise model. Characterization method such as Cyclic Voltammetry (CV) and Galvanostatic Charge Discharge (GCD) often used to analyze the supercapacitor and the results can estimate the rated values of C and R. This paper will talk over the basic operating principle of a supercapacitor and several equivalent circuit models. Next, the fabrication of a supercapacitor prototype and its characterization process is presented and discussed. Lastly the result profile will be compared to simulation profiles of several basic equivalent circuit models to see the model representation matching.
II. DEVICE THEORY AND MODEL

A. Operating Principle of a Supercapacitor
The capacity of storing charges i.e. the capacitance, C is measured in farads (F) and is the ratio of electric charge Q on each electrode to the potential difference V between them as shown in equation (1) . C can also be defined by its relationship to the surface area A, its permittivity of the dielectric ѓ, and the distance of separation between the charged elements. Fig. 1 (a) shows the cross section of a supercapacitor. There are two double layer capacitors formed inside a supercapacitor after the device is charged, one of each polarity. Even though the working principle of a supercapacitor is similar to the basic capacitor, a double layer capacitor has both more complex and microscopic scale parameters designed to increase the capacitance greatly. The capacitance at one electrode or a double layer is given by equation (2) where A is the surface area of porousactive material; ѓ is the permittivity if the material in between the double layer (vacuum and dielectric often the solvent) and dstern is the distance between the electrode and its counter ion layer. The value of C in supercapacitors can be manipulated by increasing its surface area and this can be achieved by typically using porous material as electrodes. Electrolyte is used as the carrier of ions (usually from salts), and these ions will form a layer of charges opposing the charged electrodes and the solvent becomes the dielectric material in between the two. Fig. 1 (a) is a simplified visual of a more complex structure. In reality, the charges will go into the pores and building the double layer inside the pore, and would not form a simple straight line layer such shown at dstern. This will create resistances and the charges will need more time to fill every space in the pores.
(1) (2)
B. Equivalent Circuit Models
The supercapacitor model in Fig. 1 can be represented by using an equivalent circuit model. A simple RC circuit often taken as the basis of a capacitor to represents its ability to store energy, and its internal resistance that demonstrates the inefficient behavior such as storage leakage slow charging on the device.
There are many existing equivalent circuit models for supercapacitors [1] [2] [3] [4] [5] [6] [7] [8] [9] . These circuit models can be categorized into two; circuit model derived from its physical structure, and circuit model derived from the time response. The equivalent circuit model of a supercapacitor shown in Fig. 1(a) can be represented physically by the model in Fig.  1 (b) [1, 2] . Here the capacitance of each double layer is represented using C components together with its respective R, resistance of ions moving through the pores. Another resistance Rs, is the resistance against the ion movement through the separator and bulk electrolyte.
There are other more complicated models of physical structures; all based on their electrode-electrolyte interface theories. De Levie suggested one of the first circuit model of porous carbon electrode known as 'transmission line' model with the assumption that the pore is uniformly sized [4] . Circuit model based on Helmholtz and diffuse layer theories was proposed by [5] while [6] proposed another model according to Graham's theory. Deeper understanding on physics and surface chemistry is needed in order to understand and propose new models based on this method. For this paper, simple structure-based equivalent circuit such as in Fig. 1 (b) will be used to test the model suitability with the experimentation profile. Another approach of modelling the equivalent circuit is based on its transient response in a controlled test. The simple RC circuit is the common model to be used in this procedure where RC is equal to a time constant, Ĳ and the device is fully charged (or discharged) at 5Ĳ. However it was proven that simple RC was not sufficient to accurately model a supercapacitor [7] where the RC model profile did not fit the actual result profile from their supercapacitor experiment.
Researchers came up with several other models with multiple branches of RC with parallel and/or serial configuration such as 'Universal' model [8] and 'Dynamic' model [9] circuits. Each of the branches represents a time response magnitude of the device. Parallel RC circuit model presented in Fig. 2 shows an example of fast, medium and slow response branches connected in parallel. The fast term dominate the behavior in seconds, medium for several minutes and slow term for more than ten minutes [3] .
All of the models proposed should adequately able to mimic the behavior of a supercapacitor. Cyclic Voltammetry (CV) measurement can be used to see the current response of the electrode or the device when applied with increasing voltage. From CV, the maximum working voltage window of the device can be seen from its stable cycle. Galvanostatic Charge-Discharge (GCD) is another method where the device is charge/discharge with constant current while the increasing/decreasing potential inside the device is recorded. The capacitance and internal resistance of the device can be observed from the slope and voltage drop from the profile.
In order to see the relationship between a supercapacitor and the equivalent circuit models, a small supercapacitor prototype was fabricated and tested using CV and GCD under the characterization methods. 
A. Fabrication
Lab scale prototypes were fabricated in order to further test and study the subject. The Activated Carbon-Aluminum foil sandwich electrode acquired from 3000F Maxwell commercial EDLC was cut into square with the internal aluminum foil substrate hangs out and connected to copper wire as the terminal. The aqueous electrolyte used in the experiment was a 2.4M room-temperature NaOH at 1.0ml. The solution was mixed from NaOH powder acquired from Sigma Aldrich, stirred with distilled water on a hot plate until all the salts were dissolved. Ion-permeable MEMS separator was used in between the positive and negative electrodes while acrylic substrate used as the casing. The formed device such as in Fig. 3 was sealed using Araldite epoxy resin to prevent electrolyte leakage.
B. Experimental measuremenent
In order to find the working potential window of the new assembled prototype, cyclic voltammetry (CV) analyses were performed on the prototype using two electrodes setup such in Fig. 4 with a scan rate of 0.2 mV/s using Autolab PGSTAT302N potentiostat instrument for three different sets of potential window were set to the device; 0-0.5V, 0-0.7V and 0-0.8V. Since the prototype is symmetrical, there is no specific assignment of polarity for the prototype terminals. One terminal was connected to the working electrode (WE) of the instrument, and the other one was connected to both counter electrode (CE) and reference electrode (RE).
Next, the prototypes were tested using Neware Battery Testing System (BTS) 5V100mA machine for charging/discharging with constant current charging method and constant voltage charging method. For constant current charging method, three different current magnitudes were used which are (a) 0.01mA, (b) 0.06mA and (c) 0.11mA with voltage ranges from 0.05V to 0.5V. For constant voltage charging method, 0.5V was used.
IV. RESULT AND DISCUSSION
A. Cyclic Voltammetry
The CV procedure is important to determine a good working potential window for the prototype in order to prevent any damage towards the electrode or the electrolyte. Aqueous electrolyte can achieve around 1V in general before the water degradation occurs which damages the electrolyte. The CV plot in Fig. 5 shows the three results of finding the maximum pure charge separation potential window. The curves were smooth for 0.5 and 0.7V but for 0.8V the curve shows increased peak caused by sudden increase in current. The spike of current for 0.8V shows instability and a beginning to a non-capacitive current response [10] . 0 to 0.5V is then taken to be the boundary for all of the experiments as a safer testing window. 
B. Galvanostatic Charge Discharge-Constant
Current There are several methods of getting capacitance and resistance value from the GCD experiments. The slope and voltage drop for constant current charge/discharge profile can be an indication for the capacitance and the internal resistance respectively as discussed in [7] with the assumption that the device is being represented by simple RC circuit. According to the slope profile, an increase in current resulted in higher C values. As current is defined as charge flow over time, the amount of charge supplied and retained by the prototype also increase with increase of current. However, a higher magnitude of voltage drop also seen which shows that the charging only happening at the outer surface of the electrode. Lower charging current rate give ample time for the charges to go deeper into the pores of the electrodes.
The three plots of charge-discharge cycle in Fig. 6 shows difference in time for completing one charging cycle with different current supplied. As the current supplied increase, the slopes also increased as well as the increase in instantaneous voltage drop between charging and discharging shifts. Curve fitting was done to find the slope at the discharge procedure. The slope and voltage drop for the three profiles as presented in TABLE I.
The internal resistance sign can be seen at the potential drop/gain during voltage switch between charging and discharging. The uncontrolled spike/fall comes from the struggle of the charges to move towards the pore inside the electrode and this can come from many factors including the pore sizes, complex distribution and electric field from other direction. The internal resistance is calculated as the amount of voltage drop over current magnitude change. Even though the voltage drop is larger for 0.11mA procedure, the change in current magnitude is much larger hence dominate the equation turning out a lower resistance for larger current. The parameter results of different current supplied test are presented in TABLE II. C. Galvanostatic Charge Discharge-Constant Voltage Constant voltage charging tests were done at 0.5V where the current supplied into the prototype decreases exponentially as shown in Fig. 8 . The prototype was charged for three different periods, 60, 120 and 180 minutes before a complete discharged at 0.01mA. The new discharge profile slopes were again analyzed to estimate the C values and is presented in Fig. 7 . The voltage drop (not presented in paper) from the procedures were also used to calculate the R. Using the same calculation method from constant current above the C and R parameter values are presented in TABLE III. Fig. 7 also shows that longer period of current supplied yield a more gradual profile which means higher capacitance, proving the discussion in previous section.
The current profile retrieved from the constant voltage experiment is plotted in Fig. 8 . The estimation of R and C values base on Ĳ calculation was done with the assumption that the device is represented by a simple RC equivalent circuit. The C was found to be at 1.6 Farads and R at 250 Ohms. D. Equivalent Circuit model For equivalent circuit modelling, the simple RC model, basic physical structure-based model, and multiple branches parallel RC model simulation was done in Advance Design System (ADS) software. Parameter tuning feature was used to get the values of C and R for each circuit that can best match the experimental profile. For the Simple RC circuit, the initial parameter values were taken from the constant voltage result. For the structure-based model, the C+ and Cas well as the R+ and R-values were assumed to be the same and acting in series with one another. As for the Parallel RC model, it was assumed that all the branches have the same value of C, and R is the parameters affecting the time response.
All the produced profiles were plotted against the experimental curve as shown in Fig. 8 . From the simulation, the value of R for the simple RC model is the same as the calculated value while the C value differs slightly. However, the profile from the RC values shows a significant mismatch with the experimental profile for more than half of the observation period. This is expected since it is well known that a simple RC circuit could not represent a supercapacitor behavior accurately.
For the structure-based equivalent circuit model, there are three values needed to be tuned; capacitance for both electrodes, C+ and C-, resistance from both electrodes, R+ and R-, and Rs, resistance due to separator. After the tuning process, the closest simulation profiles of the tuned circuit compared to the experimental profile are shown in Fig. 8 . The profile apparently came out similar the simple RC model. The values of the three R in total are much bigger than the experiments value. The C values however are equal to the experimental value using the calculation of capacitance in series method.
Both Simple RC and Structure-based profile share almost the same fit since the equivalent C value was almost the same. The curve fit the experimental profile only on the final half of the procedure. According to the simulation, the device should receive more current during the first half of the period but in reality less current was received. This shows that there are additional resistances that oppose charges to go into the pores at higher rate.
The structure-based assumption of same C and R is for the ease of tuning. Theoretically, Na + bare ion size is less than half of OH -ion [11] . Given that the pore size of both electrode are the same, the anion would have twice the resistance, and may not got into smaller pores hence covering smaller area resulting smaller capacitance. More understanding is needed for selecting the parameter values before tuning.
For the simulation on Parallel RC branches model, the simulation profile fit around 80% of the experimental. This curve shares the same pattern as previous curves in which the simulation suggests more current flow during the first 250s compared to actual current received.
The model assumes that the C of all branches is the same and only R differs and influencing the Ĳ. The simulation works for medium and slow-term charging but is insufficient at the fast term charging. With the best decided R value tuned for the plot, exploiting the C for the fast term branch can result in better fit. All the simulated equivalent circuit parameter values are presented in TABLE IV.
V. CONCLUSION
The supercapacitor of Activated Carbon electrode with aqueous NaOH electrolyte was successfully fabricated with working potential of 0.5V, capacitance ranging around 0.2-0.6 F and internal resistance of 190-370 Ohm. More samples and tests will be done to get the exact value of C and R with their tolerance value, such the one rated in the market. The prototype behavior shows a decrease in internal resistance value, with higher current load.
All of the equivalent circuit models were not sufficient to comprehensively represent the prototype but the 3 Branches Parallel RC model fit the actual result the best. More complex models from literatures as well as novel equivalent circuit model will be simulated to mimic the exact behavior of the prototype under current and voltage loads. 
